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In recent years, more and more geneticists have been attacking the problem 
of the mode of gene action.  They have used indirect methods, such as subject- 
ing developing organisms to heat, cold, x-rays, ultraviolet rays, or chemicals, 
to alter development and produce phenocopies and  then have attempted to 
infer the normal action of the gene from these results.  Beadle and Tatum and 
their colleagues have approached the problem more directly by using the bio- 
chemical mutants of the bread mold Neurospora (1).  From these studies they 
have set up the working hypothesis that each gene regulates a particular step 
in a particular biosynthesis.  In analyzing the effects of genes on development, 
one basic approach is a determination of the effects of a gene on the metabolic 
activity of the particular group of ceils which will give rise to the altered part. 
In most animals it is impossible to locate exactly the ceils which will form a 
particular structure, but in Drosophila each adult organ develops from a  dis- 
crete group of cells in the larva called an imaginal disc.  In the larva are paired 
discs (cf. Chen (2), or Auerbach (3) for figures) of distinctive sizes, shapes, and 
positions, which are supported in position in  the hemocoele by the tracheal 
tubes.  They can be dissected out of the larva and their oxygen consumptions 
can be measured by the Cartesian diver ultramicrorespirometer (4, 5).  By 
using these imaginal discs and the Cartesian diver an attack can be made on 
two basic and interrelated problems of biochemical genetics: How do embry- 
onic tissues in the same animal, which are going to develop into different organs, 
differ physiologically?  And, how do singie gene differences produce differences 
in development? 
In an earlier study (6)  the Qo,'S of wild type, "miniature," and "vestigial" 
wing discs were found to be 20,  18, and 9 mm.  s O2/hr./mg. dry weight tissue 
respectively.  The mutant genes m  and vg affecting wing size produce their 
effects by altering the rate of some  chemical reaction in the wing discs of the 
larva which is reflected by a lowered rate of oxygen consumption.  It is inter- 
esting to note that the leg discs and  probably the other discs  as well of the 
vestigial larva have an unchanged metabolism, or at least have a normal rate 
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of oxygen consumption.  This indicates that genes produce their biochemical 
as well as their morphological effects only in certain cells of the body, presum- 
ably by some interaction of the gene or gene products with specific components 
of the cytoplasm of those cells.  This is supported by Ellenby's finding  (7) 
that  the  over-all oxygen consumption  of  vestigial prepupae  is  the  same as 
that of wild type prepupae. 
On the hypothesis that each gene regulates a particular biosynthesis,,~ search 
has been made for the enzyme affected by the vestigial gene by adding specific 
inhibitors or substrates to the buffer solution containing the discs in  the diver 
and measuring the resulting change in the oxygen consumption. 
M aterials and Metkods 
The stocks of Drosophila mdanog~ter used were an isogenic wild type established 
previously (8)  and  the  mutant stocks "vestigial" wings  (vg, chromosome 2,  locus 
67.0),  "miniature" wings (m, chromosome 1, locus 36.1), and "/our-jointed" legs (fj, 
chromosome 2,  locus  81).  Miniature  wings  are  shorter and  narrower than  usual 
but have a normal shape and venation.  Vestigial wings are reduced to small stumps 
held outstretched.  The legs of four-jointed flies have four instead of five segments 
in the tarsae.  The flies were raised at 23°C. in half-pint culture bottles on corn meal- 
molasses-agar medium seeded with fresh yeast. 
Larvae and prepupae were dissected in a drop of phosphate-Locke solution buffered 
at pH 7.4 to which was added the substrate or inhibitor being used.  The disc and its 
drop of fluid was transferred to the diver by means of a  calibrated braking pipette 
described by Claff (9).  The divers used had a  total volume of 7 to  10 ram.  3 and 
"diver constants"  (10) varying from 0.78  to  1.44 X  10  -3.  The divers were filled 
with I  ram3 phosphate-Locke plus substrate or inhibitor in the bulb, and 0.5 ram3 
alkali seal and 0.5 ram.  3 oil seal  in  the neck.  All respiration determinations were 
made at a  temperature of 27.0°C. and respiration was followed  1 to 2 hours after a 
10 minute equilibration period.  Each of the figures given in Tables I to V is an aver- 
age of three to eleven, usually six, separate determinations. 
The discs were weighed by the quartz fiber balance described by Lowry (11).  The 
discs  were rinsed several times in glass-redistilled  water to  remove the phosphate- 
Locke solution,  and transferred to a  quartz loop in a  drop of distilled  water.  They 
were dried in an oven at 100°C. for 30 minutes and then weighed.  The hooks were 
then cleaned and reweighed to check the zero point.  The balance had been calibrated 
previously by putting known volumes of standard salt solutions on the hooks, drying, 
and weighing. 
RESULTS 
1.  Inhibition by Cyanide and Azide.--Since the HCN formed when KCN is 
put in solution is volatile, the alkali seal used in the divers in experiments with 
cyanide must contain KCN in the proper concentration to prevent the HCN 
of the bottom drop from distilling up into the alkali seal.  In experiments with 
10  -q ~  KCN in the bottom drop, the alkali seal mixture was made up of one CLAUDE  A.  VILLEE  339 
part 2 x  KCN and one part 0.2 g  NaOH; with 10  -~ K KCN in the bottom drop, 
a mixture of one part 0.2 g  KCN to one part 0.2 M NaOH was used in the alkali 
seal.  Wild type and vestigial wing discs are inhibited comparably by 10  ~  x¢ 
and 10  "-s x¢ cyanide (Table I).  The respiration of wild type whole embryos is 
inhibited to about the. same extent.  Sodium azide is also an effective inhibitor 
of the respiration of wild type and vestigial wing discs.  The inhibition varies 
from about 30 per cent with 0.01 M azide to about 80 per cent with 0.1 M azide 
(Table I). 
2. Inh~ion  by  Naphthoquinones.--The  inhibitory  action  of  certain  2- 
hydroxy-3-alkylnaphthoquinones on Iespiration was observed by Wendel (12) 
and investigated by Ball, Anfinsen, and Cooper (13) and Anfinsen (14).  They 
found that these naphthoquinones are very potent general respiratory poisons 
TABLE I 
The Inhibition of Dro:oplrila Respiration by Cyanide and Azid¢ 
Solution in diver bulb 
Buffer alone  .................. 
10  -4 x KCN .................. 
10  "~ ~ KCN ..... ............. 
0.1 M  azide ................... 
0.05 ~ azide  ....... : .......... 
0.013 x azide  .................. 
0.01 ~ azide ................... 
Wild type wing disc 
Average  QO~  Inhibition 
20.0 
2.7  86 
8.0  40 
4.3  78 
5.4  73 
9.6  52 
13.3  33 
Vg wing disc  [.  Wild type mnbryo 
I 
AverageQ02  Inhibition hr./V~e~b/ryQ 
--  46.5 
9"4  I  791.9  ]  6.2 
55  20.7  4.1 
1.9  79 
2.4  73 
5.0  45 
6.5  28 
Inhibition 
per ctnt 
87 
55 
and that they act just below cytochrome c in the chain of respiratory enzymes, 
Solutions of two of these, SN-5949 (2-hydroxy-3-(2 methyl octyl)-I, 4-naphtho- 
quinone)  and  SN-5090  (2-(3-cyclohexylpropyl)-3-hydroxy-l,4-naphthoqui- 
none), were made up by dissolving a weighed amount in absolute alcohol, evap- 
orating an aliquot of this solution to dryness on a  water bath, dissolving the 
residue in a drop of 0.1 N NaOH, and making up to the proper concentration 
with phosphate-Locke solution.  The concentrations given in Table H  are the 
final concentrations of the naphthoquinones in the phosphate-Locke solution 
used in the bottom drop.  Solutions were made fresh daily from the alcohol 
solution.  The inhibitions found with wild type and vestigial wing discs are 
given in Table II.  These are of the same order of magnitude as those found 
by Ball, Anfmsen, and Cooper for malaria parasites, liver slices, and yeast sus- 
pensions, and by Anfinsen for Arbacia eggs. 
3. Stimulation  by Ascorbiv Aci~.~The results of the cyanide and azide ex- 
periments indicated that disc respiration was mediated by an iron or copper 340  BIOCHEMICAL GENETICS IN  DROSOPHILA 
porphyrin  system,  probably  cytochrome-cytochrome  oxidase.  Since  hydro- 
quinone,  p-phenylenediamine, and  ascorbic acid  will serve as substrates  for 
cytochrome  c,  the effects of additions of these substances  were investigated. 
In all experiments with these easily oxidized substances, solutions were made 
up fresh just before use.  An extra diver containing buffer and substmte alone 
was included with each set of determinations and the autooxidation of the sub- 
TABLE II 
The Inhibition  of Drosophila Respiration by Hydroxynaplghoquinones, Expressed as Per Cen~ 
of Normal Respiration 
Concentration of 
inhibitor in solution in 
diver bulb 
3.3 X  10  -5 
1.6X  10-5 ~ 
3.3  X  10-6~ 
1.3 X  10"~ 
SN 5949 
Wild type wing  disc 
95 
95 
74 
43 
Vestigial  wing  disc 
90 
95 
71 
50 
SN 5090 
Wild  type  wing  disc 
87 
82 
51 
29 
TABLE III 
The Effect of Added Substrales on Drosophila Wing Disc Respiration 
Substrate added 
Buffer alone ................................ 
0.0028 M  ascorbic acid  ....................... 
0.004 ~ ascorbie acid  ........................ 
0.002 ~ p-phenylenediamine  .................. 
0.0035 ~ p-phenylenediamine  ................. 
0.007 I  p-phenylenediamine  ................... 
0.0035 K hydroquinone ....................... 
0.007 M hydroquinone ........................ 
Average Qos values  corrected  for autooxichtioa 
of substrate 
Wild t~e wing  Vest'.~.'alwing 
ULSC  UL~C 
20.0  9.4 
25.2  33.2 
22.7  21.2 
20.2  13.7 
19.6  16.7 
19.0  10.6 
6.0  11.6 
0  0 
Miniature wing 
disc 
18.3 
26.4 
19.2 
16.3 
strate measured in this way was subtracted from the values obtained for the 
divers containing buffer, substrate, and disc.  It can be seen from Table III 
that ascorbic acid causes an increase in the respiration of vestigial wing discs 
up to or above the normal value for wild type discs, indicating that the cyto- 
chrome c and cytochrome oxidase of vestigial wing discs are normal.  There is 
also an increase in the respiration of wild type wing discs when ascorbic acid is 
added, which indicates that the cytochrome system is not the limiting factor in 
the normal respiration of the discs.  The respiration of miniature wing discs is 
increased over the normal value by the addition of ascorbic acid.  The addi- CLAUDE A.  VILLEE  341 
tion of p-phenylenediamine to the buffer solution causes a  lesser increase in 
the respiration of vestigial wing discs so that the resulting Qo, lies between the 
normal value for wild type and vestigial,  p-Phenylenediamine and especially 
hydroquinone seem to have some toxic effect at the concentrations used.  The 
cytochrome c and cytochrome oxidase activities of both vestigial and miniature 
wing discs are normal and the effects of both the vg and m genes on the respira- 
tion of these discs are not produced by altering these enzymes but occur some- 
where below cytochrome c in the respiratory chain. 
4.  Inhibition by Iodacetate.--Iodoacetic acid is an ir~ibitor of many different 
enzymes and may decrease the amount of respiration by interfering with the 
formation of 3-phosphoglyceric acid from triosephosphate or by inhibiting one 
of the dehydrogenases.  Since the action of vg occurs below cytochrome c, the 
action of iodoacetate on wild type and vestigial wing disc respiration was in- 
TABLE IV 
The Inhibition of Drosophila Wing Disc Respiration by Iodoacetale 
Substance  added 
0.001 ~  iodoacetate ......................... 
0.0001 ~  iodoacetate ........................ 
0.001 ~  iodoacetate +  0.02 ~  malate ......... 
0.001 x~ iodoacetate +  0.05 M malate ......... 
0.0001 K  iodoacetate +  0.01 ~  malate  ......... 
0.001 M iodoacetate +  0.05 g  succinate ....... 
Wild  ty_._ pe wing dis___.__~c  Vg____wing  dis_..~c 
Avenge  Inhibition  Av~(~tge  Inhibition 
per  cent  per  cem 
4.0  I  80  2.8  69 
6.4  t  68  }  7.0  23 
8.0  60  4.0  56 
16.4  18  8.1  10 
13.1  34  7.5  17 
1.8  91  2.4  73 
vestigated.  Iodoacetic acid was weighed out and added to phosphate-Locke 
solution and the solution was  then neutralized with NaOH,  using the glass 
electrode.  Iodoacetate inhibits the respiration of both wild type and vestigial 
discs to a comparable extent, and this inhibition is partially released by malate 
but not by succinate (Table IV).  These results, although supplying some in- 
formation about the nature of the respiration in imaginal discs, give no clue as 
to the point of operation of the vg gene in decreasing respiration. 
5.  Experiments  with  Dehydrogenases.--The  effect of  adding  the  dehydro- 
genase substrates, succinate, pyruvate, and lactate was next studied.  Pyruvate 
and lactate were added as the sodium salts, succinate was added as  the acid 
and neutralized with NaOH, using the glass electrode.  The pH of all solutions 
was checked with the glass electrode before they were used.  The only sub- 
stance which increased the Qo, of the vestigial discs was 0.02 ~ pyruvate, which 
gave a slight increase, 33 per cent (Table V).  The value of 11.9 for the Qo, on 
the addition of pyruvate is the average of six determinations.  The difference 342  BIOCHEMICAL  GENETICS  IN  DROSOPHILA 
between the means, 2.5, has a standard error of 0.70 and thus lies between the 
5 per cent and I per cent levels of significance.  0.05 x, pyruvate is apparently 
toxic  and  reduces  respiration  considerably.  Neither  succinate,  lactate,  nor 
glucose, when added as a substrate to the buffer in the bottom drop of the diver, 
increased the respiration of vestigial wing discs. 
DISCUSSION 
These experiments imply that the biochemical effects of genes may be local- 
ized in certain tissues just as the morphological effects are.  Thus the vg and 
m genes decrease respiration in wing discs but not in leg discs (6), and B and BB 
genes increase respiration in eye discs but not in wing discs (15).  The four- 
jointed genc, however, decreases the metabolism of both leg and wing discs, 
which may be correlated with the fact that although the primary effect of fj 
TABLE V 
E.ffects of Added Substrates on Drosophila  Wing Dis¢ Respirallan 
Wild  type  wing disc  Vg  wing  disc 
Substrate  added  Average  Qos  Average  002 
Control, buffer alone ............................... 
0.01 K succinate  ................................... 
0.05 ~ succinate  ................................... 
0.01 K pymvate  .................................... 
0.02 ~ pyruvate ................................... 
0.05 ~s pyruvate  ................................... 
0.02 v lactate ..................................... 
0.2 ~ glucose  ....................................... 
20.0 
14.1 
15.5 
18.2 
11.5 
7.5 
18.3 
16.7 
9.4 
7.3 
9.5 
10.3 
11.9 
4.5 
9.5 
9.1 
is on the legs, decreasing the number of tarsal segments from five to  four, the 
wings are also affected and have a  shorter, broader shape. 
These differences between the respirations of different types are real, due to 
intrinsic differences in cell metabolism, and not to differences in the types of 
cells present; e. g., admixtures of ,~arious amounts of connective tissue cells. 
The  histological  and  embryological  studies  of  Chen  (2),  Robertson  (16), 
Auerbach (3), Steinberg (17), and others show that the same sort of primitive, 
undifferentiated cells is found in the various discs during the larval period.  Nor 
are these differences due to the presence in certain discs of deposits of lipid or 
other metabolically inactive substances; cytologically the ceils are  similar and 
free of fat deposits. 
The inhibition  of the respiration of whole embryos as well as the separate 
imaginal discs by cyanide and azide indicates that an iron or copper porphyrin 
system,  probably  cytochrome-cytochrome  oxidase,  is  present.  With  both 
cyanide and  azide the inhibition  of respiration  is usually not  complete,  but CLAUI)~. A. WLLmB  343 
approaches 90 or 95 per cent, suggesting that there may be a "cyanide-insensi. 
tire" fraction of respiration in the discs as there is in many other types of proto 
plasm. 
The inhibition  of disc respiration  by the naphthoquinones  is further  evi- 
dence that the respiratory pathway in Drosopk~ is similar to that of yeast 
suspensions, malaria parasites, and liver slices and ~a cytochrome4~ytochrome 
oxidase.  Ball, Anfinsen,  and Cooper (13) present evidence that these naph- 
thoquinones  inhibit  an  enzyme lying  between cytochrome b  and  c  in  the 
respiratory chain.  The order of magnitude of the concentration of naphtho- 
quinone necessary to produce inhibition of Drosophila respiration  (0.5 to 1.0 
reg./liter) is similar to that found by Ball, Anfinsen,  and Cooper for the inhi- 
bition of respiration in liver slices, yeast suspensions, and malaria parasites, 
as well as for the inhibition of succinate oxidase in ~itro, and by Anfmsen (14) 
for the inhibition  of respiration  in Arbacia eggs.  The naphthoquinone  SN 
5949 is more potent than SN 5090 in inhibiting Drosophila disc respiration as 
it is in inhibiting the respirations investigated by Ball, Anfinsen,  and Cooper. 
S'mce ascorbic acid and p-phenylenediamine are known to be substrates for 
cytochrome c, the stimulation of imaginal disc respiration by these substances 
is additional  evidence that  cytochrome oxidase and  cytochrome c  mediate 
respiration  in Drosophila discs.  The fact that  the respiration  of vg and m 
wing discs becomes as great or greater than  wild type discs on addition  of 
ascorbic acid shows that the cytochrome c-cytochrome oxidase systems of vg 
and m are normal and that the effect of the vg and m genes lies somewhere be- 
low cytochrome c in the respiratory chain.  The cytochrome system of wild 
type discs is normally not used to capacity since the addition of ascorbic acid 
to the substrate increases the respiration of wild type discs 25 per cent or more. 
The stimulation of respiration on the addition of ascorbic acid is greatest in the 
first half hour and falls off gradually after that time.  The values for respira- 
tion given in Table III are averages for respirations over a 1-hour period. 
The inhibition of respiration by iodoacetate and its partial release by malate 
but not by succinate is the same for wild type and vestigial discs.  These facts 
thus do not aid in the identification of the particular enzyme system affected 
by the vg gene, but do suggest that the four-carbon dicarboxylic acids are in- 
volved in disc respiration.  Malate was found to reverse the iodoacetate inhi- 
bition of respiration in the oat coleoptile by Commoner and Thimann  (18), 
although in that organism succinate also reversed the iodoacetate inhibition, 
but to a lesser extent.  Malate, succinate, and fumarate are equally effective 
in reversing the iodoacetate inhibition of respiration in Neurospora (19). 
Vestigial wing disc respiration is increased slightly, about 33 per cent, by 
pyruvate but not by succinate, lactate, or glucose.  The respiration of wild 
type discs is not increased by any of the four substrates.  The fact that suc- 
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may mean that these discs do not have succinic dehydrogenase.  In contrast, 
eye disc respiration is increased markedly by the addition of succinate (15), so 
the failure to metabolize succinate is not a general characteristic of insect tissue. 
The increase in vestigial respiration on the addition of pyruvate suggests that 
the pathway of oxidation-reduction reactions in vestigial wing discs is normal, 
i.e. similar to wild type, and that the enzyme affected by the vg gene is some- 
where below this.  The vg gene may not affect any enzyme in the oxidation- 
reduction system, but  one in  a  completely different system, such as one in- 
volved in protein synthesis, and thereby decrease the utilization of energy and 
the consumption of oxygen. 
When an attempt is made to correlate these physiological and biochemical 
findings with the results of embryological studies, difficulties arise because the 
embryologists are not agreed as  to  the effects of the genes involved.  The 
smaller size of the adult structure in both vestigial wings and Bar eyes has been 
attributed to a lytic action (20-22); the small size of the vestigial wing is ex- 
plained by Waddington (23) as due to abnormalities in the folding of the wing 
bud; and Steinberg (24) states that the small size of the Bar eye is due (a) to 
a  smaller amount of material being available for the formation of an eye and 
(b) to variations in the fate of cells of the eye disc which may form either the 
ommatidia of the eye or head chitin.  For both vestigial and Bar there are 
alternate explanations: the small size is due to the destruction or cytolysis of 
part of a normal sized embryological rudiment, or the small size is due to the 
fact that the embryological rudiment itself is smaller than normal.  Since the 
respiration of vg wing discs is lower and of B eye discs higher than the corre- 
sponding wild type discs, the same embryological explanation can hardly hold 
in both cases.  Probably the best explanations of the effects of vg and B based 
on embryological studies are those of Goldschmidt and Steinberg.  We could 
then correlate a  decrease in respiration (vg) with cytolysis and an increase in 
respiration  (B) with an organ developing from a  smaller rudiment.  It may 
be that the processes leading to the formation  of head chitin have a  higher 
oxygen consumption than those leading to the formation of ommatidia.  This 
hypothesis would account for Steinberg's findings (24) that the growth curves 
of wild type and Bar eye discs (based on measurements of area) are the same 
during the larval period from 36 hours after hatching until pupation and the 
results reported previously (15) that the respiration of Bar eye discs is markedly 
greater than that of wild type eye discs. 
SU~ARY 
The metabolism of the imaginal discs of wild type, miniature, vestigial, and 
four-jointed varieties of Drosophila was investigated using the Cartesian diver 
ultramicrorespirometer.  Wild  type and vestigial wing disc respiration is in- 
hibited by cyanide and azide and thus is mediated by an iron or copper por- CLAUDE A.  VILLEE  345 
phyrin  system,  presumable  cytochrome-cytochrome  oxidase.  Respiration  is 
also inhibited by certain hydroxynaphthoquinones,  believed to inactivate some 
enzyme between cytochromes b  and  c.  The respiration  of the vestigial and 
miniature  wing discs is increased to normal by the addition  of ascorbic acid 
and  to a  lesser extent  by p-phenylenediamine  and  hydroquinone,  hence  the 
cytochrome oxidase and cytochrome c systems of vestigial and miniature wing 
discs are normal and  the  effects of  these genes  are  on  enzymes below cyto- 
chrome c in the respiratory chain. 
The respiratory enzymes of the developing imaginal discs of insects are similar 
to those of a wide variety of cells from bacteria to mammals.  The correlation 
of these biochemical findingswith embryological studies of the discs is discussed. 
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